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Abstract
Patriarca, C. 2020. Characterisation of natural dissolved organic matter with liquid
chromatography and high resolution mass spectrometry. Digital Comprehensive Summaries
of Uppsala Dissertations from the Faculty of Science and Technology 1948. 67 pp. Uppsala:
Acta Universitatis Upsaliensis. ISBN 978-91-513-0970-5.

Dissolved organic matter (DOM) is one of the most heterogeneous and complex mixture
on Earth. DOM plays a crucial role in biogeochemical processes on the global scale and
it is essential to sustain and regulate the biological processes in aquatic ecosystems. DOM
originates from a multitude of biological, physical and chemical transformations, leading to its
phenomenal chemical diversity. In order to understand and predict its effect on the global carbon
cycle, an intimate characterization at molecular level is necessary. The investigation of the
extraordinary complexity of the DOM mixture represents a compelling challenge for analytical
chemistry. The focus of this thesis was the development of methods for the characterization
of DOM in natural waters. High resolution mass spectrometry (HRMS), was combined with
high pressure liquid chromatography (HPLC) and electrospray ionization (ESI), to investigate
the chemical diversity of DOM. The first study demonstrated that cutting-edge techniques
(such as the Fourier-transform ion cyclotron resonance mass spectrometer - FTICR-MS), are
not indispensable to disclose essential information on the DOM molecular composition, in
fact the Orbitrap mass analyser is a suitable alternative for the analysis of complex natural
mixtures. In the second study, the potential benefits offered by the online coupling of HPLC
and HRMS instruments were explored, revealing significant advantages in terms of analysis
time, achievable information and versatility of the method. The advantages of online separation
were further confirmed in the third study, focused on the characterization of autochthonous
labile DOM. Chromatographically resolved profiles emerged from the bulk-DOM, allowing the
monitoring of labile autochthonous components in presence of heterotrophic bacteria. Despite
the advantages achieved by the application of online separation, a strong limiting factor in DOM
characterization is the ESI source, suitable only for the analysis of the DOM fraction susceptible
to ionization. In the last study, the extent of the DOM material prone to ionization was estimated,
revealing the occurrence of an extensive portion of the material resistant to routinely employed
ESI approach. The full characterization of DOM is still an open challenge and the combination
of multiple techniques is fundamental to unravel is extreme intricacy.
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Introduction 

Dissolved organic matter in natural waters 
An intricate flow of carbon sustains life on Earth. The complexity and the 
heterogeneity of the carbon based entities in the environment can only be 
postulated, and the number of possible conceivable chemical structures ex-
ceeds the number of atoms in the observable universe [1,2]. Dissolved or-
ganic matter (DOM) in natural waters represents a fraction of this phenome-
nal heterogeneity of molecules and constitutes one of the largest carbon res-
ervoirs on the planet, similar in abundance to the carbon dioxide in the at-
mosphere [3]. 

DOM generally constitutes the majority of the living and non-living or-
ganic material in the water column of aquatic systems, and it is generally 
defined as the material permeating a filter having mesh size ranging from 0.2 
and 0.7 µm. DOM plays an essential role in the biogeochemical processes at 
global level [4–6]: as nutrient source sustaining the microbial loop in the 
aquatic systems [7–10], acting as carbon-sink [11–13], operating as photo-
regulator in the water column [14,15], providing binding sites for transport 
and bioavailability of metals [16,17]. DOM plays a fundamental role in the 
regulation of biogeochemical processes, its composition impacts the 
transport of pollutants in the environment [18–20] and the drinking water 
quality [21–23], affecting not only the organoleptic characteristics of the 
water, but also generating disinfection by-products (DBPs) during chlorina-
tion processes [24–28]. This list illustrates the diversity of mechanisms in-
volving DOM and it is far from being exhaustive. The ubiquity of DOM and 
its multiple roles imply that any variation in its size, proportion and dynam-
ics could have a major impact at the global scale, including carbon storage 
and exchange of carbon dioxide with the atmosphere [13,29]. 

The intricacy of mechanisms generating the vast chemical diversity of 
DOM has not yet being elucidated. Its heterogeneity derives from a combi-
nation of biotic and abiotic processes, regulated by thermodynamics and 
kinetics, generating a reactivity continuum between inorganic and organic 
molecules [30]. The complexity of the organic material and the currently 
limited knowledge on the chemical diversity of the mixture prevent a clear 
classification of the DOM. Researchers often label DOM according to its 
origin and/or turnover. DOM can be defined ‘autochthonous’, when original-
ly produced in situ by primary producers organisms, or ‘allochthonous’ 
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when produced elsewhere by decay of biomass, leachate and transport to 
aquatic ecosystems [31]. In different settings, the material deriving from one 
of these two sources (internal or external to the aquatic system) can prevail, 
as observed in marine and inland waters. Autochthonous material dominates 
marine-DOM, due to the prominence of primary producers compared to 
external input of organic material; similarly, allochthonous contributions are 
more prominent in inland waters, more exposed to terrestrial DOM [3]. A 
further classification of DOM defines the persistence of the material in the 
water column. Labile organic material identifies the most bioavailable frac-
tion of DOM, supporting the energy demand of heterotrophic organisms, and 
it is rapidly consumed and respired. The DOM fraction resistant to fast deg-
radation is defined as recalcitrant material and its mineralization requires 
longer time scales. Recalcitrant DOM can be further sub-classified as semi-
labile, refractory or ultra-refractory in relation to its persistence in the aquat-
ic system, which can vary from months to millennia [11,12].

Despite its ubiquity and ecological importance, DOM is still poorly char-
acterized, mainly due to its enormous complexity [30]. In order to improve 
our understanding of the global carbon cycle and unveil the role of DOM in 
the biogeochemical processes, and thus predict the fate of this organic mate-
rial in a changing environment (increasing global temperatures, anthropo-
genic impact, etc.), it is essential to investigate and intimately understand the 
chemodiversity of this immensely complex mixture.   

DOM: an analytical challenge 
DOM is operationally defined as the organic material fraction that passes 
through a 0.2 – 0.7 µm filter, with a concentration ranging from 0.1 to 30 mg 
C L-1 [12,32,33], up to exceptionally high values exceeding 300 mg C L-1 
[34]. Due to its various origins and transformations, DOM consists of a mul-
titude of organic compounds, from carbohydrates to proteins, from lignin to 
humic substances (humic and fulvic acids) [6]. This yields an incredibly 
complex mixture characterized by tens of thousands of unique molecular 
formulas, with broad molecular range, large diversity of functional groups, 
chemical properties and extremely high abundance of isomeric species 
(structural isomers) [11,35–38]. Due to these aspects DOM characterization 
represents a phenomenal analytical challenge. 

To date, a massive effort has been made to characterize this gigantic pool 
of carbon, by applying numerous analytical techniques. DOM bulk proper-
ties (such as aromatic content [39], molecular weight [40], relative abun-
dance of humic against protein like fractions,[41] etc.) have been disclosed 
by optical characterization techniques, mainly absorbance and fluorescence 
spectroscopy. However, their application is limited to the presence of light-
absorbing species. 
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Several filtration, extraction and desalting procedures have been applied and 
are under constant development in order to isolate, pre-concentrate, and re-
move metals and abundant inorganic salts from the organic material [42–45]. 
Similarly, a wide range of chromatographic techniques have been and cur-
rently are employed in order to fractionate and separate the extracted DOM 
into several classes of compounds, based on size, charge, volatility, polarity 
(ref. [46] and references therein). Despite the simplification of the organic 
mixture through chromatography, the extreme DOM complexity strongly 
limits the utility of the currently available separation techniques. 

A better understanding at the molecular level of this “organic continuum” 
was possible only with the application of nuclear magnetic resonance 
(NMR) [30,47,48] and high resolution mass spectrometry (HRMS) [49–52].  

HRMS represents the cutting edge of technique for the analysis of un-
known complex mixtures [53–55]. HRMS techniques are able to discrimi-
nate between species characterized by subtle differences in their elemental 
composition, allowing the identification of thousands of molecular formulas 
in the organic mixture [4,56,57]. Nowadays, the Fourier-transform ion cyclo-
tron resonance (FTICR) mass spectrometry is the state-of-art technology for 
the DOM analysis [51,55,58–60], however its availability is strongly limited 
by high purchase and maintenance costs.  

In recent years, the introduction of Orbitrap technology [61] enabled low-
er cost and wider availability, allowing a larger group of researchers to per-
form high resolution analysis [62–64].  

There are few studies that have compared the Orbitrap performances to 
the cutting-edge FTICR-MS with regard to non-targeted DOM analysis 
[65,66]. To the author’s knowledge, the study presented in Paper I was the 
first to evaluate the suitability of this mass analyzer for the analysis of com-
plex environmental mixtures, showing its limitation and advantages. We 
concluded that the Orbitrap represents a valid alternative to the FTICR-MS, 
effective for the investigation of relevant biogeochemical changes. 

Multivariate statistical analysis and advanced data visualization are essen-
tial tools for elaboration and interpretation of the enormous data set deriving 
from thousands of molecular formulas in the DOM bulk [67,68]. However, 
neither the most advanced HRMS nor the most innovative algo-
rithm/statistical tools are able to resolve structural isomers in absence of a 
separation technique. 

The ability to differentiate between different species characterized by the 
same molecular formula is the key to disclose DOM diversity and composi-
tion. Liquid chromatography (LC) is a powerful tool in DOM analysis, 
demonstrating that the majority of DOM complexity is hidden behind iso-
meric averaging [50,69]. Major advances in chemical characterization of 
DOM were made possible by the combination of chromatography with 
HRMS [52,70,71]. These methods employ chromatography in offline mode, 
thus introducing time-consuming fractionation-collection steps and further 
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sample manipulation, potentially introducing contamination, prior to mass 
spectrometric analysis. Paper II is among the first studies exploring the 
capabilities of the direct coupling of LC and HRMS for the characterization 
of DOM [71–74]. Online methods allow fast, easy and detailed comparison 
of DOM samples from a variety of sources with a single chromatographic 
run. Data evaluation based on in silico fractionation provides an advanta-
geous flexibility for the data exploration. Even though isomeric averaging 
cannot be fully resolved by this technique [36], in Paper II it was demon-
strated that a large amount of additional information can be achieved not 
greatly exceeding the time of a conventional direct infusion (DI) analysis. 
The application of online chromatography was revealed to be essential in the 
analysis of abundant autochthonous DOM as explored in Paper III, where 
chromatographically resolved peaks, emerging from the broad complexity of 
the bulk-material, could be observed and their selective removal monitored. 
Additionally, online analysis was indispensable for the discrimination be-
tween the material susceptible and resistant to negative electrospray ioniza-
tion (the most used ionization mechanism in DOM analysis), as investigated 
in Paper IV, where a remarkable underestimation of the DOM molecular 
profile emerged.   
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Aims 

Characterization of dissolved organic matter represents a compelling chal-
lenge for analytical chemistry. The work presented in this thesis adds a new 
chapter to the analysis of DOM.  
 
The Aim of this thesis was to show: 

 
 

• The necessity to evaluate the suitability of the Orbitrap mass analys-
er as alternative to the less accessible FTICRMS instrumentation for 
the analysis of DOM (Paper I). 
 

• The reduction of isomeric complexity with consequential increment 
in the achievable information from a single analysis through coupled 
HPLC-HRMS (Paper II). 
 

• That based on the promising results from the application of online 
chromatography to high resolution mass spectrometry, the applica-
tion of this method could be further investigated through: 

 
o The analysis of the ionisable labile DOM produced in axenic and 

natural conditions by a common cyanobacterium (Paper III). 

o The evaluation of the amount of ‘MS invisible’ DOM affecting 
the correct comparison of terrigenous and marine DOM (Paper 
IV). 
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DOM analysis: instrumentation and methods  

Sample preparation  
In chemical analysis, a series of sample preparation procedures are generally 
employed to isolate the compounds of interest form the matrix. In DOM 
analysis the material of interest is part of the matrix, so the logical conclu-
sion would be that no sample preparation is necessary. This statement is 
debatable, and depends on the type of method selected for the analysis of the 
DOM. When optical measurements aiming to study the bulk properties of 
the mixture are employed, sample pre-treatment processes can be avoided 
[75,76]; contrarily, techniques for the investigation of structural and molecu-
lar properties of the DOM necessitate a rigid sample manipulation in order to 
pre-concentrate the sample and remove inorganic salts that are detrimental 
for the analysis [42,44]. The main techniques employed in DOM extraction 
are: reverse osmosis/electrodialysis (RO/ED), ultrafiltration, freeze drying 
and solid phase extraction (SPE). All these approaches can be discriminated 
on the base of their advantages and limitations, nevertheless they share the 
same inability to isolate and recover the totality of the DOM pool [77]. 

Among the previously mentioned techniques, SPE is one of the most rou-
tinely employed sample pretreatment methods in DOM analyses, due to its 
simplicity, accessibility, versatility and robustness. Its mechanism is based 
on the retention of molecules on a substrate (a large diversity of sorbents 
exists), followed by elution with a suitable solvent. A sorbent largely em-
ployed in DOM studies and selected in this thesis (Papers I, II and IV) is a 
non-polar stationary phase based on modified styrene divinylbenzene (PPL) 
[42,78,79]. Its retention mechanism requires the acidification of the sample 
(pH 2), necessary to neutralize the acids abundant in DOM mixture [48] and 
guarantee the retention on the substrate. SPE provides highly reproducible 
results for the extraction of the retained DOM [42,80,81]; PPL cartridges 
commonly retain 40 – 60% of aquatic DOM, thus limiting the characteriza-
tion of the overall complex mixture. However, highly representative results 
can be achieved by the accurate selection of substrates and extractions condi-
tions [82,83]. Studies have assessed that SPE does not substantially affect 
the overall information achieved by MS analysis [80,83]; this observation 
was confirmed in Paper IV, however it was also suggested that a large part 
of the retained material is not visible in routine MS analysis (negative ESI-
HRMS) and that seems to affect terrestrial-DOM more than marine-DOM.  
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Chromatography 
Chromatographic separation has been largely employed in the analysis of 
DOM [46]. A wide range of chromatographic approaches has been used to 
investigate the chemical and physical properties of the complex mixture 
(such as polarity, charge, molecular weight). The majority of the studies 
using chromatographic methods combined separation to detectors able to 
describe bulk properties of the organic material, for example spectroscopic 
techniques (absorbance, fluorescence) and organic carbon detector (OCD) 
[70,84,85]. In comparison, fewer studies focused on the application of chro-
matographic separation to techniques able to disclose the molecular infor-
mation of DOM mixture, such as HRMS and NMR [71,86].  

In mass spectrometric analysis of complex mixture, the most popular ap-
proach is the direct infusion (DI), one of the easiest methods of sample in-
troduction, where a liquid sample is continuously delivered into the ion 
source of the mass spectrometer using a syringe pump (Paper I). This ap-
proach still dominates DOM analysis, in particular in connection to the 
FTICR-MS instrument [4,51,58,59]. This is mainly due to its reduced analy-
sis time and instrumental simplicity. Despite these advantages, there are 
important drawbacks such as strong ion suppression, since many species 
populate the ion source at the same time, thus strongly competing for the 
charge. Other critical weaknesses are represented by the inability to distin-
guish between isomers and the extensive spectral overlap achieved by this 
approach. Despite these disadvantages, a great deal of information about the 
bulk properties of DOM has been unveiled and fingerprints from different 
sources have been obtained [87–90].  

DI approach requires (almost) always [90,91] the use of SPE or other ex-
traction techniques able to pre-concentrate and desalt the sample. As previ-
ously described, SPE allows the isolation of representative DOM extracts; 
however, harsh sample manipulation (such as acidification) might alter the 
original DOM composition and potentially crucial information associated to 
the un-retained material is lost. The use of complementary retention mecha-
nisms can greatly enhance the analysis of complex mixtures, by adding an-
other dimension to the mass spectrometric analysis. In particular, the appli-
cation of liquid chromatography (LC) proved to be highly beneficial for a 
better understanding of DOM composition [69,70,86,92]. Many studies fo-
cusing on the characterization of DOM by high resolution MS use chroma-
tography in conjunction to the DI approach [69,70,86,93,94]; in these studies 
the separation system is used exclusively to fractionate the material, which is 
then analysed in DI mode. 

This approach, defined as off-line chromatography, is advantageous since 
it allows retention of physical and chemical information of the mixture (such 
as polarity, charge, molecular weight), it also reduces the complexity of the 
sample, allowing a more detailed characterization of the DOM while main-
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taining high signal to noise ratio as allowed by direct infusion. This approach 
is also characterized by several disadvantages, including the necessity of 
large amount of material (multiple fractionation), long analysis time, broad 
sample manipulation and limited method flexibility. The online coupling of 
an LC system to a HRMS is therefore advantageous compared to the off-line 
mode. However, in recent years only few studies involving the combination 
of chromatography online with HRMS emerged (Paper II and [71,72,74]). 
The limited availability of online techniques is plausibly due to the use of 
FTICR-MS instrument as state-of-art technology for DOM analysis 
[65,69,95–97]. The development of a method coupling a chromatographic 
system to the FTICR-MS is challenging as the continuous change in ion 
population from the column effluent produces a variable ion density in the 
FTICR cell resulting in a space charge effect affecting the mass accuracy of 
the spectra and requiring a complex data recalibration [98]. This effect is 
reduced in Orbitrap instruments due to the presence of the automatic gain 
control (AGC) that regulates the number of ions entering the mass analyser. 
Presumably, additional limiting factors to the development of LC-HRMS 
methods for FTICR-MS are the high costs and limited instrumental availa-
bility. An additional reason might be the inability of chromatography to re-
solve the broad isomeric complexity of DOM, which emerges as broad unre-
solved ‘hump’ covering a large elution time (Paper II and [36,69]). General-
ly, separation techniques are employed to reduce the sample complexity to 
observe singly eluting species; in DOM analysis this scenario is implausible 
as the mixture diversity is unresolvable by current analytical abilities, there-
fore a change of perspective is necessary. Unrealistic goals of complete sep-
aration should be postponed until a new technique able to resolve the intrin-
sic DOM complexity arises, until then advantages offered by online chroma-
tography should be employed to gain more insight on the DOM mixture. 

Information about DOM complexity is accessible to every type of chro-
matographic separation; in this thesis, two main chromatographic modes 
were selected: (i) reverse phase chromatography, based on hydrophobic in-
teractions is excellent for the retention of neutralized carboxylic acids (Pa-
per II-IV) and (ii) size-exclusion chromatography, which can discriminate 
material on the basis of hydrodynamic molecular size (Paper IV).  

In reversed phase chromatography, hydrophilic material (oxygen rich) 
elutes first, while the more hydrophobic (low oxygen content) has a stronger 
interaction with the stationary phase, thus a longer retention time (Figure 1). 
Differential retention leads to decreased complexity in each mass spectrum. 
This means that the amount of species entering the ion source at the same 
time is decreased, leading to lower ion suppression and a better sensitivity 
(Figure 1).  
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Figure 1. (A) overlapped total ion current (TIC) from DI (black) and LC (grey) 
analysis of a lake sample; (B) comparison of the m/z distribution and intensities 
between DI (black) and LC (early eluting segment in blue, late eluting segment in 
orange) in a 0.25 Da window; oxygen rich species decrease along the chromato-
graphic gradient. 

Reversed phase chromatography further enhances the ionization efficacy by 
removing inorganic interferences and contaminants (e.g. plasticizers) from 
the organic mixture, which elute as sharp peaks only interfering in few mass 
spectra. This approach offers also the possibility to avoid severe sample ma-
nipulation, for example salts can be removed with the dead volume of col-
umn as they have no interactions with the apolar stationary phase. Similarly, 
a limited sample manipulation is necessary to pre-concentrate the mixture, 
the solvent is removed by freeze drying or simple solvent evaporation (as in 
Paper III and IV) followed by reconstitution in a mobile phase suitable for 
the chromatographic analysis. This way the majority of the sample is pre-
served; however, minor sample alterations in the solvent removal step, or 
poor re-dissolution in the recovery solvent might occur.  

Another advantage in the application of an online approach is the ability 
to separate isomers, as demonstrated by the spiked addition of three model 
compounds in a DOM sample (Figure 2). This type of isomeric isolation is 
not possible with an offline LC approach followed by DI-HRMS. Clearly, 
this scenario is unrealistic for bulk DOM, where due to the isomeric com-
plexity of the mixture a single formula appears as an unresolved ‘hump’ and 
the natural abundance of individual isomers is too low to emerge as resolved 
chromatographic peak. This ability can be exploited in analysis of less com-
plex and processed material (Paper III). 

Online chromatography retains all the advantages of off-line separation, 
except transient averaging in DI and additionally provides a fast, versatile 
and broadly applicable approach for DOM analysis, and represents an im-
portant advancement for the fast and easy monitoring of possible biomarkers 
in environmental metabolomics research.  
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Figure 2. Extracted ion current (XIC) of mass 369.08 related to the model com-
pounds spiked into SRFA sample (10 ppb in 300 ppm C). Reprinted with permission 
from Paper II. Copyright (2018) American Chemical Society. 

Mass spectrometry  
In mass spectrometry ionized chemical species are generated and then dis-
criminated on the base of their mass-to-charge ratio (m/z) [99].  

The basic components of any mass spectrometer are: ion source, mass an-
alyser and detector. The function of the ion source is to convert molecules to 
gas phase ions, which are then transferred to the mass analyser. This is the 
core of the instrument, which generally employs a magnetic and/or electric 
field for the separation of the charged species based on their m/z. Finally, the 
detector generates a signal corresponding to the electrical current of each 
ion. With exception of some versions of the first component, a mass spec-
trometer operates in high vacuum conditions in order to prevent unwanted 
collisions between neutral gas molecules and the ions.  

Mass spectrometry represents one of the most powerful analytical tech-
niques in virtue of its universality. In fact, it can provide information on any 
ionisable compound and therefore represents one of the best choices for the 
analysis of a complex mixture and other unknown compounds. Several types 
of mass spectrometers, characterized by different performances, are current-
ly available. They can be classified by the ability to distinguish between two 
similar m/z values. The smaller the difference in m/z an instrument can dis-
criminate, the better are the performances. Indexes of such ability are resolu-
tion and resolving power. 
Resolution (R) is defined (IUPAC) as the minimum difference (∆m/z) that 
can be separated for a given m/z value (R = m/z/∆m/z = m/∆m). For an iso-



 21

lated peak, ∆m commonly corresponds to the full width of the peak at half 
maximum (FWHM). The ability to distinguish between ions differing slight-
ly in m/z is defined resolving power [99].  

DOM consists of a multitude of organic compounds covering an extreme-
ly broad mass range, where a multitude of isobaric compounds and structural 
isomers coexist. In this complex mixture, organic molecules characterized by 
the same nominal mass (isobars) but different chemical formula, can be dis-
criminated by their mass defect (difference between exact and nominal 
mass). An example is represented by the ability to discriminate between CH4 
and O, which exhibit the same nominal mass (16 Da) but different exact 
mass (∆m= 36 mDa). In order to achieve such separation, and resolve thou-
sands of different formulas from this organic mixture, instruments character-
ized by high resolution and resolving power are necessary. 

Fourier-transform ion cyclotron resonance (FTICR) and Orbitrap mass ana-
lysers used in this thesis, comply with this requirement [57,61,100,101]. They 
currently represent the most powerful technology in terms of high resolution 
(R ≥ 100.000 at m/z 400), high mass accuracy (difference between the theoret-
ical and the measured m/z; currently < 1 ppm) and sensitivity (sub femtomol). 

These two mass spectrometers share several similarities. Both analysers 
trap the charged species in ultrahigh vacuum in order to guarantee a long mean 
free path, all ions are detected simultaneously based on their image current 
recorded in the time domain, which is then processed by Fourier transform and 
converted to the frequency domain to generate the conventional mass spec-
trum. In both instruments the resolution is proportional to the strength of the 
applied field (magnetic in the FTICR, electric in the Orbitrap), both devices 
are pulsed detector, which means that charged species are externally accumu-
lated (multipole ion trap in FTICR, C-trap in Orbitrap) during the detection of 
ions from the previous accumulation period [102]. Despite the similarities 
FTICR instruments are still the most advanced mass analysers in terms of 
resolution (R > 1.000.000 at m/z 400) and mass accuracy (< 0.1 ppm) able to 
detect very subtle variation in the elemental composition [55]. The main limi-
tations to the Orbitrap consist in collisions with residual gas as well as imper-
fections of the electrode manufacturing, limiting the time a signal can be de-
tected and therefore the resolving capacity [102,103]. 

Discrimination between isobaric compounds is one of the main challenges 
in DOM analysis; hence by exclusively considering resolution and resolving 
power, FTICR-MS is currently the most advanced technique for the ele-
mental analysis of complex mixtures. However, a question arises: is ultra-
high resolution always necessary?  

If all chemically reasonable elemental combinations are considered, not 
even the state-of-art 21T FTICR-MS instrument [55] would be able to re-
solve such phenomenal complexity [30,37,104]. The selection of the most 
suitable technique depends on the research question and considerations or 
previous knowledge on the sample, and both are essential to make a choice 
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of technique. Generally, biogeochemical studies rely on the use of FTICR-
MS for the analysis of complex mixture [37,51,70,90,105–107]. However in 
Paper I it was demonstrated that ultra-high resolution is not necessary for 
the analysis of ionizable DOM in typical marine and lacustrine mixtures, and 
that Orbitrap resolution is suitable for the discrimination of the fundamental 
mass splits in samples dominated by CHO species. Obviously, in case more 
subtle discrimination is necessary, as in the investigation of phosphorous 
compounds or the analysis on species containing hetero-atomic combina-
tions beyond the resolution provided by the Orbitrap, the application of ul-
tra-high resolution instruments is unavoidable (Figure 3). 

 
Figure 3. A 10 mDa window centred in 369.083 m/z is shown. 15T FTICR profile 
(black); Orbitrap high-resolution (blue) and low-resolution (orange) profiles. Com-
pound mixtures A, B and C (black lines). 

Figure 3 shows an example of the ability of Orbitrap to compete with FTICR 
instrument in the analysis of complex mixture. In high resolution mode the 
Orbitrap is suitable for the analysis and discrimination of the CHO species 
(C16H18O10; A) from the sulphur containing compounds (C13H22O10S; B) and 
showing an excellent mass accuracy compared to FTICR performances 
(mass error in ppm was 0.13 and 0.04 respectively). The same results cannot 
be achieved by the application of the Orbitrap in low resolution mode, suita-
ble for the discrimination of CHO species but unable to confidently resolve 
sulphur containing formulas [108,109]. Compound mixture C represents an 
example of a signal that cannot be efficiently resolved by the Orbitrap and a 
crucial consideration is that the resolving power of the instrument needs only 
to be as good as the mixture is diverse. The FTICR data shows that neither 
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compound mixture B or C are present above the detection limit in this sam-
ple. 

DOM is not only rich in isobaric compounds, structural isomers are also 
abundant in the complex mixture [35,37,110]. Isomers are characterized by 
the same formulas, but different chemical conformation and are impossible 
to discriminate by the use of even the most powerful high-resolution mass 
spectrometer as they have the same exact mass. The only techniques able to 
provide structural information in a complex isomeric mixture are nuclear 
magnetic resonance (NMR) and Fourier-transform infrared spectroscopy 
(FTIR) [47–49,111]; however, even these powerful approaches are unable to 
unravel the structural complexity of DOM.  

Separation techniques (such as solid phase extraction or chromatography) 
offer a partial isomeric discrimination of the mixture (Papers II-IV), reveal-
ing the extreme isomeric complexity of the DOM and allowing the retention 
of structural information while providing additional information on the mix-
ture in relation to the selected substrate [69,70,86]. 

Electrospray ionization 
Electrospray ionization (ESI) is one of the most widely applied atmospheric 
pressure ionization techniques. It is known to be one of the “soft” ionization 
sources, since it transfers the ions from solution to gaseous phase inducing 
no or very little fragmentation. This is crucial in non-targeted analysis, as 
minimal chemical change is made to the compounds analysed. ESI is popu-
lar in the analysis of large biomolecules [112], but it also widely applied for 
the study of small polar organic molecules and is the most used ion source in 
DOM analysis [59,88,109,113,114].  

The ESI source generates gas phase ions from analytes in an aqueous 
phase, thus allowing the infusion of aqueous solution and the coupling of 
liquid chromatography to mass spectrometry (Figure 4).  

The sample solution is introduced into the ion source from a capillary. A 
high potential difference (generally 3-4 kV) is applied between the end of 
the capillary and the mass spectrometer inlet. The generated electrostatic 
field induces a charge accumulation at the liquid front on the capillary tip, 
forming a cone-jet called Taylor cone [115]. Under the action of electrostatic 
repulsion forces, the surface tension of the liquid is overcome (coulomb ex-
plosion) and highly charged droplets are released. During the migration to-
ward the mass spectrometer inlet (counter electrode), the size of the droplets 
decreases due to solvent evaporation (supported by a nebulizing gas, usually 
N2) thus increasing the charge density. This leads to a further coulomb ex-
plosion, where smaller surface charged droplets are formed. The process is 
repeated until the ions are released into the gas phase.  
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Figure 4. Schematic of the electrospray ionization process 

ESI can generate either positive or negative ions, depending on the applied 
electrical field in the ion source. In positive ion mode the generated ions are 
mostly protonated species, [M+H]+, while in negative-ESI the deprotonated 
molecules are the most abundant, [M-H]-. Acidic or basic conditions can 
assist in the ionization of molecules in positive or negative mode, respective-
ly. In ESI is also possible to observe a phenomenon named ‘wrong way 
around’ ionization, where the ion formation is enhanced in conditions that 
should inhibit the ionization [116,117]. For example, high ionization effi-
ciency was observed in negative mode for acidic species in an acidic envi-
ronment, where they were expected to be neutral. This phenomenon is ex-
tremely favorable for the combination of the ESI source operating in nega-
tive mode to the chromatographic separation of acidic compounds, where 
acidic additives are employed to promote the retention of the stationary 
phase. It is also possible to form adducts with other ions present in the liquid 
effluent, for example sodium, chloride, ammonia, formate, etc. 

The ionization efficiency of the analytes in the ESI source defines the 
ability of the molecules to generate gas phase ions from the liquid phase, and 
it strongly depends on the chemical and physical properties of the analytes 
[118–120]. However, the ionization process does not involve only the ana-
lytes of interest, in particular when liquid chromatography is applied. The 
ionization can be influenced by a multitude of factors mainly related to sol-
vent composition, additives, buffers, and operational parameters [121]. Some 
of the above mentioned parameters have been evaluated for the analysis of 
DOM [87,109,114]. 
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The first study involving ESI together with low resolution MS, applied 
the negative ion mode [122]. After this, the first FTICR-MS analysis of natu-
ral organic material (at considerably higher resolution) was conducted with 
positive-ESI [87]. The latter is characterized by a strong disadvantage related 
to the formation of sodium adducts, [M+Na]+, which can cause critical prob-
lems in the spectral interpretation of DOM samples, as demonstrated by 
Koch et al. [58]. The mass difference between sodium adduct and non-
sodiated species is only 2.4 mDa (exchanging NaH for C2), hence creating 
not completely resolved peaks even at very high resolving power (> 200.000 
at 401 m/z). However, only few studies applied exclusively positive-ESI for 
DOM analysis [48,88].  

Due to the interferences in positive mode and the anionic nature of car-
boxylic acid functionality on DOM at neutral pH, the negative-ESI is gener-
ally the chosen ionization mode for analysis of this complex mixture (ref. 
[123] and references therein). The same ionization mode was selected in all 
presented papers (Paper I-IV). 

Although many studies have used and currently apply ESI for DOM in-
vestigation, several concerns have arisen regarding the ionization of this 
complex material such as fragmentation, multiple charging, multimer for-
mation and ion suppression. 

ESI mass spectra of humic substances are usually dominated by low mo-
lecular weight ions (< 2000 m/z), which diverge from other findings that 
extend the humic substances mass range to about 10 kDa. This discrepancy 
is often referred to as ESI low-molecular weight bias. Some authors suggest 
that this disaccord is due to the presence of aggregates [124] that are “bro-
ken” in the ESI source [88]. Others hypothesize the presence of large mac-
romolecules that are actually fragmented in the ion source, or to the occur-
rence of multiply charged species which account for the lower masses as the 
mass spectrometer measures mass to charge ratio [125]. These aspects have 
been tested by several studies. Stenson et al. [109] tested the incidence of 
fragmentation in humic substances, no evidences of dissociation in the ESI 
source emerged, however they suggest that fragmentation cannot be com-
pletely excluded. 

The dominance of singly charged species over multiple charged ions has 
also been demonstrated [109,126]. Tandem MS experiments, where precur-
sor ions are fragmented to obtain structural information, showed that DOM 
ions preferentially lose fragments corresponding to the neutral losses ex-
pected from singly charged ions, namely CO2 (44 m/z) and H2O (18 m/z), 
conversely doubly charged ions would lose 22 and 9 m/z, respectively 
[35,36,126].  

Further evidences of the dominance of singly charged ions emerge from 
the spacing between isotopologues [109]. By observing the mass difference 
between a monoisotopic peak (12Cn) and its heavy isotope (13C12Cn-1), the 
charge state can be determined. The average mass difference observed is 
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1.0034 Da, which corresponds to a singly charged species. Lower mass dif-
ferences identify multiply charged ions, as observed in Paper IV, where low 
intensity m/z values with mass defect in the range 0.5-0.6 Da were detected 
suggesting the presence of doubly charged material. 

The occurrence of unrepresentative ions (such as multimers) has been in-
vestigated as well [114]. The conclusions suggest that these species are pre-
sent but do not interfere significantly with the final DOM representativeness, 
and that possibly, the presence of numerous ions in the source increases the 
chance of collision, removing some dimers before they enter the mass spec-
trometer. However, the authors make clear that further investigation is nec-
essary. 

Other important aspects influencing the ionization efficiency of DOM 
mixture are ion suppression and preferential ionization. The first plays an 
important role in the analysis of DOM, in particular if salts are not removed 
from the original sample before introduction to the ESI source. In fact salts 
‘hide’ or ‘steal’ the charge from other species. The ion suppression is not 
only induced by the presence of salts, but it is also related to the intrinsic 
complexity of the material and it is a general and unavoidable problem in 
ESI-MS of complex samples; in fact, the multitude of species present at the 
same time in the ion source creates a strong effect of preferential ionization 
hiding many signals, thus strongly influencing the ionization efficiency of 
the single molecules in the mixture. This effect is more prominent when a 
direct infusion approach is applied without any previous sample pre-
treatment or chromatographic separation [90]. The mass spectra resulting 
from ESI-MS analysis show a distribution of m/z values (peak) and intensi-
ties that can never be truly representative of the original sample: in fact, each 
peak intensity is a combination of multiple factors, including the analyte 
concentration, the ionization efficiency, the stability of the generated spe-
cies, the transmission of the ions and their detection. The data analysis is 
therefore usually ‘qualitative’, examining broad statistical differences be-
tween samples.  

In the analysis of DOM a uniform ionization is not achievable with a sin-
gle ion source [37,42,114,118,119,127]. The intrinsic complexity of DOM 
mixtures implies that only a fraction of the material is susceptible to ESI 
ionization [53,80], especially when a single ionization mode is selected, 
meaning that in routine DOM analysis (typically negative ESI-MS), an un-
known fraction of the DOM pool is undetected and therefore uncharacterized 
(Paper IV).  

Molecules characterized by acidic protons and able to stabilize the nega-
tive charge [119] are more suitable to ionization in negative ESI mode and 
are generally characterized by high ionization efficiencies. As previously 
mentioned, the large abundance of carboxylic acids in the DOM mixture 
[48,128,129] favors the selection of negative ESI as ionization source. How-
ever, DOM is not exclusively composed by acidic compounds; a large part 
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of the organic pool (such as lignin phenols, polysaccharides, proteins) 
[130,131] is resistant to the ESI ionization mechanism, thus characterized by 
low or null ionization efficiency and under-represented in HRMS studies. 
The complexity of the ESI mechanism together with the heterogeneity of 
DOM complicate the assessment of the fraction of DOM susceptible to ioni-
zation [92,132], therefore a combination of techniques able to discriminate 
between the ESI-active and inactive components in the organic pool is nec-
essary for a more comprehensive DOM characterization (Paper IV).   

Complementary detector 
Charged aerosol detector  
The charged aerosol detector (CAD) is considered a universal detector for all 
non-volatile substances [133–135]. Its response is proportional to the amount 
of injected material and independent from the physicochemical properties of 
the analytes [134–139]. 

An overview of the CAD operating principles is described in Figure 5. 
The eluent from the chromatographic column is nebulised in the spray 
chamber by a flow of pressurized nitrogen. Large droplets are removed by an 
impactor integrated in the spray chamber; such precaution is necessary in 
order to prevent the saturation of the instrument due to the inability of large 
droplets to fully desolvate in the given path. The remaining aerosol flows 
through the evaporation tube, where solvent and volatile species are re-
moved. Resulting residue particles reach the mixing chamber and collide 
with a second flow of nitrogen gas positively charged by a corona needle; 
collisions between the charged gas and the residue particles allow the gener-
ation of ions by diffusional charge transfer. The excess of high mobility par-
ticles (mainly gas ions) is removed by an ion trap placed after the mixing 
chamber to prevent fluctuations in the background current. The residue par-
ticles are then transferred to a collector where the charge is measured by a 
highly-sensitive electrometer [133–136]. The size and the flux of the charged 
particles reaching the detector generate the CAD signals, which correlates to 
the amount of injected material and it is unaffected by the chemical proper-
ties of individual analytes.  

The instrumental response is non-linear over a broad mass range, as 
showed in Equation 1: 

                               =                    Equation 1 

where A identifies the signal, M is the amount of substance, a indicates the 
response intensity and b describes the slope of the curve. This behavior is the 



 28 

consequence of a non-linear relationship between the particle area and the 
amount of material. However, a linear behavior (b=1) is observed over a 
limited mass range [134–136]. The uniformity of the CAD response is re-
markable; as the detection is based on the amount of material and independ-
ent from the physicochemical properties of the analytes, similar responses 
are generated for identical amounts of different analytes [134–138]; there-
fore this technique can be employed for the quantification of multiple ana-
lytes with a single calibration model [134,140,141]. 

 
Figure 5. Schematic of the charged aerosol process 

CAD uniform response is subject to few limitations, mainly related to the 
mobile phase composition [134,135]. An increase in the organic modifier 
enhances the nebulization efficiency, thus increasing the amount of analyte 
reaching the detector and resulting in a higher signal [142]. To solve this 
issue two strategies have been introduced: the first consists in the application 
of a 3D calibration routine, where the variation  in the organic modifier per-
centage is included [140,141]; alternatively, the composition of the eluent 
from the column can be altered in order to provide the detector with a con-
stant mobile phase composition. This second approach offers a more rapid 
and universal application as it simply requires the use of a second pumping 
system delivering an opposite gradient [143]. Another aspect affecting the 
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CAD response is the presence of additives, often necessary to guarantee the 
desired chromatographic performances. Additives might induce higher 
background noise or act as counterions for the eluting material, thus increas-
ing the associated signal [134]. A solution to this drawback consists in the 
selection of small volatile additives such as ammonium formate and formic 
acid. These additives are also the most employed in ESI-MS analysis, thus 
favoring the development of a common chromatographic method suitable for 
both techniques. The mentioned strategies preserve the detector’s uniform 
response, enabling the detection of a large variety of species independently 
from their physicochemical properties, making the CAD an excellent analyt-
ical tool suitable for different applications [134,135]. 

DOM chemical complexity cannot be disclosed by a single technique: 
spectroscopic analyses (such as UV and fluorescence) imply the presence of 
chromophores; nuclear magnetic resonance (NMR) is able to observe every 
organic molecules, but small changes to the proton environment create unre-
solved features; mass spectrometric response is limited by the ionization 
source selected for the generation of gas phase ions and by the individual 
ionization efficiency of the analytes. A combination of approaches is neces-
sary to gain an insight into the organic material’s heterogeneity. In this re-
gard, the charged aerosol based detector can act as complementary tech-
nique, allowing the detection (but not characterization) of all non-volatile 
material, independently from its ability to ionize. Obviously, due to its work-
ing principle, the CAD is unable to provide any spectral information on the 
species eluting from the column [138], but it can detect the amount of mate-
rial unnoticed by other techniques, or quantify those that are detected. In 
Paper IV, the CAD was used in association with ESI-MS operating in nega-
tive mode for the analysis of different DOM samples. The MS signal, gener-
ated by the DOM susceptible to negative electrospray ionization, was com-
pared to the CAD response, proportional to the amount of material eluting 
from the column; the resulting relative response factor was employed to 
discriminate between the ESI-active and inactive organic material in the 
mixture. The ability to isolate and identify the fraction of material undetect-
ed by mass spectrometry is fundamental to understand transport and trans-
formation rate of the organic material in different environmental settings. 
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Data analysis and visualization 

The mass spectrometric analysis of DOM generates an impressive amount of 
signals (m/z values), increasing proportionally with the selected instrumental 
resolution. The combination with chromatographic separation enormously 
inflates the amount of information within a single analysis, allowing a more 
subtle analysis of the material.  

Data processing is essential for a correct visualization of the results. Han-
dling of the gigantic pool of generated signals is not trivial. Data processing 
requires a multistep approach, where mass spectrometric data are converted 
and analysed by statistical software (R or Matlab), often with user-defined 
scripts. Basic operations include: data signal clean up, aiming to retain only 
significant information; spectral recalibration, to ensure correct mass accura-
cy; and formula assignments, to access the elemental composition and mo-
lecular distribution of the complex mixture.,  

Detection limit  
Due to the complexity of the sample they are generated from, the mass spec-
tra contain several thousand peaks. These signals are generated both from 
the organic material we are interested in and to some extent from electronic 
noise. The very first step of the data analysis is therefore noise removal. In 
order to do that a detection limit threshold is applied. 

The detection limit is generally set as the signal-to-noise ratio (S/N) used 
to distinguish between an analyte and the noise. However, this is not always 
simple to calculate, in particular in non-targeted analysis. In fact, when at 
low abundance an analyte can be considered as noise (false negative) as well 
as a noise signal above the cutoff levels can be included in the data set (false 
positive). In view of this consideration, how can detection limit be fixed in 
order to be able to distinguish between real peaks and noise in complex mix-
tures for which automated routines generate mass lists? 

Riedel and Dittmar [38] addressed this problem and proposed a reliable 
solution where the noise is directly estimated from each sample. In our stud-
ies, the detection limit was calculated using this approach. The detection 
limit (in units of intensity) was calculated by considering a high percentile 
(e.g. 95th percentile in Paper II) of peaks with a mass defect in a range 
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where organic formulas cannot be found (e.g. 0.4 and 0.8 Da; Figure 6, grey 
shaded area).  

The mass defect associated to each m/z value is the value after the deci-
mal of the calculated mass (for 369.082, the mass defect is 0.082). At this 
point, the intensity of the high percentile of the peaks which fall in this noise 
interval is calculated and set to be the detection limit for the sample. Crucial-
ly, all peaks detected at intensities below this value are removed, at all mass 
defects (including 0 – 0.4 Da, where the organic peaks fall). By considering 
only the first 95th percentile of peaks within the 0.4 – 0.8 Da window, for 
example – rather than the 100th percentile – we exclude some signals (de-
rived from contaminants), which would otherwise be incorrectly assigned as 
noise. These wrong assignments would increase the intensity cutoff level, 
thus causing the removal of genuine organic peaks. 

An example of this is showed in Figure 6. The peaks with mass defect 0.5 
Da (labelled by the orange arrows in Figure 6) were incorrectly assigned as 
noise by the detection limit routine.  

 
Figure 6. Mass spectrum window of SRFA sample injected by DI. The grey shaded 
area identifies the 0.4 – 0.8 Da region. The orange arrows show an example of the 
signals responsible for the too conservative noise cutoff (identified by the orange 
line); the blue line displays the final intensity level cutoff applied to the data set. 

These signals probably originate from doubly charged species. The corrected 
detection limit was lower (horizontal blue line, Figure 6) thus allowing many 
more signals to be considered. However, it can be noticed that a conservative 
cutoff level was maintained, meaning the removal of false positives as well 
as the exclusion of many actual peaks (false negatives). Overall, we consider 
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it worse to have too low a detection limit and include noise peaks in the data 
analysis than to exclude some genuine peaks with too conservative a detec-
tion limit value. The identification of the issue in Figure 6 (observed in one 
of the direct infused sample in Paper II) was possible only by comparing the 
cutoff level of this sample to those from the rest of the data set, in particular 
by comparing this result with the corresponding chromatography cutoff level 
from the same sample. This example illustrates clearly how chromatography 
is a powerful tool to avoid similar issue in the non-targeted analysis of com-
plex mixture.  

The purpose of this routine is to separate genuine peaks from the electri-
cal noise. Some false positives and negatives are inevitable in a large dataset 
and in each paper the data were carefully considered to tune the applied de-
tection limit. 

Spectral recalibration 
Prior to formula assignments, spectral recalibration is generally performed. 
This step is necessary since, even after instrumental external recalibration 
and despite the precision and reliability of the mass analyser, fluctuations 
affecting the mass accuracy are always possible. The overall principle of 
recalibration is therefore to adjust the spectra according to one or more 
known m/z values present in each scan. For the recalibration of directly in-
fused (DI) DOM samples, in reason of the spectral averaging, a single recal-
ibration is sufficient (Paper I). When online chromatography is applied, 
every scan corresponds to the specific composition of the column effluent in 
each instant, thus every mass spectrum requires individual recalibration 
making the whole process more challenging. Additionally, the different 
abundances in the ion population in each transient generate mass accuracy 
fluctuations due to the change in space charge effect [57,67] in the analyser’s 
cell; this issue is reduced in the Orbitrap compared to FTICR-MS instrument 
due to the presence of an automatic gain control (AGC) limiting the number 
of ions in the mass analyser’s cell [144].  

Recalibration on chromatographic data can be achieved in 'real-time' by the 
use of lock masses, known m/z values either mixed with the column effluent 
before the mass spectrometric analysis (post-column infusion) or already pre-
sent in the sample. The main disadvantage of the post-column infusion is the 
possibility of mutual exclusion: (i) either the detection of the lock masses is 
inhibited by the sample, thus jeopardizing the recalibration, or (ii) the lock 
masses are responsible for the ion suppression of the material eluting form the 
column, especially when the analytes are present in low concentration and/or 
characterized by limited susceptibility, as in the complex mixtures. 

Alternatively, known m/z values already present in the sample can be se-
lected as lock masses in case they are present in every scan. Due to the DOM 
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isomeric complexity, it is not uncommon to observe a single m/z value over 
a broad chromatographic range, therefore the use of lock masses in the mix-
ture is a valid alternative to the use of external compounds (Paper II). 

However, this strategy cannot always be applied since it requires a pre-
screen of the sample (not always possible) and the same degree of isomeric 
complexity in each analysed sample. Paper III is a perfect example of this 
scenario: the lock masses approach was excluded due to the absence of m/z 
values common to every sample and the impracticality to apply a post-
column infusion. In absence of lock masses complex calibration routines, 
involving the use of custom built algorithms [67,98] are required and not 
always available (as in Paper III and IV). Therefore, after the evaluation of 
the stability of the Orbitrap analyser found to be within the manufacturer 
specifications (approximately ± 3 ppm), the spectra recalibration was by-
passed and a conservative approach was employed, by increasing the toler-
ance for formula assignments to ± 5 ppm and introducing a routine for the 
isotope ratio confirmation (see 'Formula assignment' section). 

Formula assignment  
The experimental m/z values were assigned to formulas with an in-house 
Matlab routine, where the matches to a target mass list were evaluated in 
order to reliably assign the molecular formulas. In Paper I this target mass 
list was generated from the FTICR-MS data by the Dittmar laboratory [38], 
as this was the standard to which we were comparing the Orbitrap data. In 
Papers II-IV, a theoretical m/z list was employed. This list was generated on 
the basis of several criteria such as the elemental composition (e.g. phospho-
rous containing compounds were removed in Paper II-IV), the mass-to-
charge window and the possible molecular combination. This last parameter 
was subordinated to an additional set of rules aiming to exclude formulas 
beyond the resolution capabilities of the instrument and absurd combinations 
from further consideration (Figures 7).  

The m/z list experimentally obtained was compared to the theoretical list 
and the closest match, within a certain tolerance dictated by the instrumental 
mass accuracy, was assigned. In case of no matches, the experimental m/z 
value was no longer considered. This strategy based on a simple mass differ-
ence cutoff (ppm tolerance window), was found to be suitable for the analy-
sis of bulk-DOM, as the theoretical list is generated upon the restrictions 
imposed by the instrumental resolution (see restrictions in each paper). 
However, incorrect assignments were observed when formulas, not generat-
ed in the theoretical list, were included. This was observed in Paper III, 
where a set of formulas (metabolites) characterized by heteroatom combina-
tions beyond the Orbitrap resolution was included in the target list. 
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Figure 7. Mass window of 0.3 Da at m/z 401. Possible formulas in the theoretical list 
before (A) and after (B) the screening according to the selected criteria 

In Paper III, the cyanobacterial-derived DOM was investigated; therefore, 
the presence of certain nucleotides, toxins and so on was expected. Upon 
critical exploration of the data following the Matlab routine, the m/z value 
expected to be associated to adenosine monophosphate (AMP) was incor-
rectly assigned to another formula in the list, representing a closer match to 
the experimental m/z value in terms of mass difference. To solve this issue, 
the tolerance window allowed for formula assignment was set to 5 ppm, to 
include multiple candidates from the theoretical list, and have the opportuni-
ty to assign the correct formula. In order to discriminate among the different 
candidates within this larger mass window, an isotope ratio confirmation was 
introduced and applied to every formula assignment, according to the fol-
lowing strategy [145].  

For each formula, the theoretical ratio (P) between the monoisotopic and 
13C abundances was calculated based on Equation 2: 

                               =  1.1/98.9                    Equation 2 

where n is the number of carbon atoms, 1.1 and 98.9 are the abundances of 
13C and 12C respectively.  

For each detected signal, the corresponding 13C peak was determined, and 
their intensity ratio (R) was compared to the theoretical value (P). The clos-
est observed intensity ratio to P was selected to discriminate among multiple 
formulas. The ratio between the experimental (R) and theoretical (P) values 
was then employed to evaluate the assignment’s likelihood, and only formu-
las characterized by a ratio between 0.8 and 1.2 were considered confidently 
assigned (Figure 8). 

The isotope ratio confirmation allowed the correct assignment of the 
AMP signal. In fact, the theoretical value (P) of the two possible candidates 
was 0.111 for AMP (C10H14N5PO7) and 0.178 for the alternative formula 
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(C16H13NO8); the experimental m/z values showed an intensity ratio (R) 
equal to 0.108. The AMP theoretical value resulted to be easily the closest to 
the experimental R, thus allowing the confident assignment of the formula. 

 
Figure 8. Intensities of isolated chromatographic peaks observed in a sample of cya-
nobacteria-derived DOM (blue dots) distributed upon the individual isotope ratio 
confirmation value (R/P). Confident assignments were confirmed for R/P values 
between 0.8 and 1.2. The black arrow at R/P 1.6 is an example of probable wrong 
assignment. 

Chromatographic feature discrimination  
Chromatographic profiles of DOM mixtures appears as broad unresolved 
humps (Papers II and IV), or ‘humpograms’ as defined by Brown et al. 
2016 [69]. The extreme isomeric complexity of the mixture prevents a com-
plete chromatographic resolution in a single analysis. This heterogeneity 
manifests similarly on a smaller scale: when a single m/z value is isolated as 
extracted ion current (EIC) the same mass-to-charge ratio can be observed 
over a broad retention time (Figure 9B), highlighting the presence of a multi-
tude of possible isomers sharing the same elemental composition but charac-
terized by a different chemical structure.  

In Paper III, the isomeric diversity of the cyanobacterial-derived DOM 
was not comparable to the complex isomeric distribution of typical DOM 
samples; cyanobacterial-derived DOM largely coincided with chromato-
graphically resolved peaks, while the bulk-material generated featureless 
profiles (Figure 9). Manual evaluation of the EIC of each m/z values as-
signed in the dataset was unreasonable, therefore the chromatographic peaks 
were identified and discriminated from the featureless DOM profiles by us-
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ing the ‘findpeaks’ algorithm in Matlab (Figure 9). This function is used to 
locate the local maxima of a signal and sort the peaks by height, width, or 
prominence. A careful tune of the algorithm settings is necessary for correct 
peak discrimination. Figure 9 shows the profiles of two m/z values in two 
different samples. The discrimination between the chromatographic peaks 
and the broad profile was only possible when stringent settings were selected 
(Figure 9, A3 and B3). The algorithm settings were tuned according to the 
chromatographic profiles observed for resolved model compounds eluting 
throughout the polarity range.  
 

 
Figure 9. Application of the ‘findpeaks’ algorithm for the discrimination between 
chromatographic peaks and broad profile. The identified peaks are indicated by the 
blue triangles. (A1-B1) Raw data from an artificial culture and a natural water sam-
ples; (A2-B2) Loose settings (discrimination impossible); (A3-B3) Correct tuning 
(discrimination possible). 

Visualization and statistics  
The amount of data generated by high resolution mass spectrometry is phe-
nomenal. Visualization tools and statistical approaches are therefore neces-
sary to present and interpret the results. A very common tool for inter-
comparison of environmental data via reduction to a single number is the 
Bray-Curtis dissimilarity test, which is based on the abundances of the same 
species present in different samples (Equation 3): 

 

              Bray-Curtis dissimilarity = ∑ , ,∑ , ,       Equation 3, 
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where the signal intensity (I) is compared between sample p and q for each 
molecular mass k (from k1 to kn).  

The Bray-Curtis dissimilarity index for each pair of samples can vary be-
tween 0 and 1, with 1 representing the highest dissimilarity (completely dif-
ferent) and 0 the highest similarity (identical). Results are collected in the 
dissimilarity matrix and are often expressed as percentage by multiplying the 
values by 100 (%Bray-Curtis dissimilarity). 

There are different strategies to visualize the dissimilarity matrix, one is 
the heatmap, a graphical representation where values from a matrix are rep-
resented as colours. An example of heatmap is showed in Figure 10, where 
the colour scale fades from blue (maximum similarity) to red (maximum 
dissimilarity).  

 
Figure 10. Heatmap derived from the dissimilarity matrix generated by samples 
from three different sources. Letters followed by numbers identify source and seg-
ments (S for SRFA, N for marine and P for lake). Letters followed by LC or DI 
corresponds to the averaged chromatographic run and direct infusion respectively. 
The colour scale is proportional to the dissimilarity values. 

Another approach is the principal coordinate analysis (PCoA), a type of mul-
tidimensional scaling that represents inter-object dissimilarity in a low-
dimensional space. In this space, similar objects (small dissimilarity value) 
are grouped closer together, contrary to dissimilar objects which are ordinat-
ed further apart.  

The PCoA tries to preserve the original dissimilarity values between the 
objects in the limited space defined by the axes. An example is shown in 
Figure 11 (from Paper I) where 90% of the dataset is explained by the first 
two eigenvectors. 
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Other important parameters for data interpretation can be plotted in PCoA 
space. In Figure 11 it is possible to distinguish two external variables (per-
centage of lake water and instrumental differences). Their position in the 
multidimensional space was evaluated afterwards by calculating the Pear-
son´s correlation coefficients (ρ) between the environmental parameter val-
ues and the scores of each sample on the two PCoA axes.  

The Pearson´s correlation coefficient (ρ) is a measure of the linear corre-
lation between two variables X and Y (Equation 4).  

                                      , = ,                               Equation 4, 

where cov(X,Y) represents the covariance between two variables (X and Y) 
and σ is the standard deviation (of X and Y respectively). It varies between 
+1 and −1, where 1 is positive linear correlation, 0 is no linear correlation, 
and −1 is total negative linear correlation. 
 

 
Figure 11. PCoA of mixed water samples analysed with two different mass spec-
trometer (FTICR in red; Orbitrap high and low resolution in blue and orange respec-
tively). Labels from 0 to 100 represent the percentage of lake water in the samples. 
Reprinted with permission from Paper I. Copyright (2016) American Chemical 
Society. 

A clear example is represented by the position of the percentage of lake wa-
ter (% Lake) in the PCoA diagram. This environmental parameter shows a 
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strong correlation with the first PCoA axis (ρ ~ 1) but a weak relation with 
the second coordinate (ρ ~ - 0.25).   

The tools described so far allow the visualization and comparison of 
many different samples and parameters, but in order to properly visualize 
thousands of assigned formulas in chemical terms, other graphical represen-
tation are needed. As previously discussed, each formula is associated with a 
consistent number of parameters (elemental composition, H/C, O/C, molecu-
lar mass, signal intensity, etc.) thus, any graphical representation requires an 
appropriate data selection. 

The most common method for presenting the massive number of molecu-
lar formulas in complex organic mixtures is the van Krevelen diagram (Fig-
ure 12) [146–149]. 

 
Figure 12. van Krevelen diagram from SRFA sample. The different regions 
identified by the H/C and O/C values are marked according to the following 
criteria: lipids (O/C = 0−0.2, H/C = 1.7−2.2), proteins (O/C = 0.2 − 0.6, H/C 
= 1.5−2.2, N/C ≥ 0.05), lignin (O/C = 0.1− 0.6, H/ C = 0.6−1.7, AImod < 
0.67), carbohydrates (O/C = 0.6− 1.2, H/ C = 1.5−2.2), tannins (O/C = 
0.6−1.2, H/C = 0.5−1.5, AI mod < 0.67) and unsaturated hydrocarbons (O/C 
= 0−0.1, H/C = 0.7−1.5). Carboxylic-rich alicyclic molecules (CRAM) are 
identified by the red ellipse [48]. 

In this space, thousands of molecular formulas are displayed according to 
their O/C and H/C ratios. Each dot represents one peak that may be com-
posed of numerous structural isomers, and dots are also superimposed on 
each other, obscuring molecules with different masses but the same O/C and 
H/C. Despite these limitations, the diagram is useful in visualizing overall 
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trends and properties in such complex datasets [149]. Different classes of 
compounds are in fact identifiable in the diagram [48,52,132,150] (Figure 
12). Obviously, this partitioning of the van Krevelen space is not a sufficient 
criterion to ascribe a molecule to a certain class of compounds. In fact, if a 
molecule falls into one of these regions due to its O/C and H/C ratios, it does 
not necessarily belong to that compound class. Therefore, we refer to the 
different regions as ‘–like’ (e.g. protein-like). 

The van Krevelen diagrams were used extensively in all four papers as a 
convenient way to visualize and discuss changes to thousands of molecular 
formulas in a single diagram 
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Results and discussion 

Is the Orbitrap suitable for DOM analysis? (Paper I) 
The main goal of this study was to evaluate the suitability of the Orbitrap 
technology for the analysis of DOM by comparing its performances to state-
of-art technology, FTICR-MS. The latter uses a cryogenic magnet for the 
separation of the accumulated ions, thus limiting the availability of this ul-
trahigh-resolution technique due to the expensive running costs. The Or-
bitrap, where the separation is performed by an electrostatic field, represents 
a competitive and broadly available alternative. 

In this study, DOM samples (from marine and lake sources) and their 
mixtures (5-95% lake water) were analysed by DI-(-)ESI-MS employing 
ultrahigh-resolution FTICR-MS and Orbitrap (at two resolution settings: 
100.000 and 30.000), and the resulting data were compared. Recorded 
broad-band mass spectra were then exported and processed as described in 
the “Data analysis” section. 

Overall, FTICR was able to assign a larger number of formulas compared 
to the Orbitrap. This is due to several factors. First, the different apodization 
of the FT signal of the two instruments, which led to the detection of a larger 
number of small (low abundant) signals by the FTICR compared to the Or-
bitrap (Figure 13).  

The second and most important factor in formulas assignments is repre-
sented by the resolution. In fact, even if all three settings showed a high 
mass accuracy (with respect to the common masses used in the calibration) 
this alone was not sufficient for formula assignment. Formulas were allowed 
only if the mass difference to the nearest large peak was high enough to be 
resolved at the instrumental resolution in question, in order to minimize false 
assignments. The low resolution data (Orbitrap-30.000) gave a clear exam-
ple, where only a limited fraction of the formulas in the whole data set were 
reliably assigned. Low resolution was found to reliably identify the largest 
peaks, mainly CHO compounds, together with their heavy-isotope 
(CHO13C), and abundant, low mass nitrogen containing peaks. Conversely, 
low abundance N-containing signals could not be reliably assigned. In fact, 
at this resolution setting, these low-intensity signals could not be resolved 
from the heavy-isotope peaks (8.11 mDa). Obviously, more information was 
obtained at higher resolving power. Narrower peaks allow the detection of 
more signals at each nominal mass, thus increasing the number of assign-
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ments. The Orbitrap in high-resolution mode was able to easily resolve the 
N-containing peaks, problematic for the low resolution setting (Figure 13), 
but showed limitation in the assignments of sulfur and phosphorus contain-
ing species. Currently, the information provided by formulas containing 
different heteroatoms (N, S, P) and their combinations, can be obtained only 
at resolution above 100.000 at m/z 400. The lower resolution mode may be 
useful in chromatography applications were faster data acquisition speed is 
desirable.  

 
Figure 13. Comparison of raw mass spectra over a mass window of 0.1 Da. As-
signed molecular formulas at the exact (not measured) mass are indicated by four-
pointed stars. The data are displayed for an even nominal mass, meaning that N-
containing formulas need to be resolved from 13C-containing formulas. Note that the 
N- containing peak at ∼426.14 is not assigned in the Orbitrap 30.000 data set, as it 
was not resolvable from the 13C-containing formula at this resolution. Reprinted 
with permission from Paper I. Copyright (2016) American Chemical Society. 

All settings exhibited the ability to identify slight changes in the organic 
mixture as demonstrated by the Bray-Curtis dissimilarity and as showed in 
Figure 11. The PCoA plot showed a clear trend, highly reproducible among 
different techniques and samples. The data variability was extensively ex-
plained by the first principle coordinate, which strongly correlated with the 
biogeochemical gradient (Figure 11; % Lake). Conversely, the instrumental 
differences were associated with the second axis. We observed that differ-
ences between these samples overcome those among the instruments.  

The Orbitrap was also capable of excellent reproducibility Bray-Curtis 
dissimilarity among replicates < 3%), apparently better than FTICR-MS. 
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This suggests the suitability of this technology in recognizing subtle altera-
tion within the complex mixture.  

We showed that Orbitrap technology, even at low-resolution settings, 
showed excellent performance and can be a powerful tool for the investiga-
tion of biogeochemical gradients. Despite the lower number of resolved mo-
lecular formulas, this instrument represents a very promising alternative to 
high-field-strength FTICR-MS for the molecular fingerprinting of DOM in 
the environment. Moreover, its lower costs and broader availability allows a 
larger number of research groups to investigate on this complex organic 
mixture.  

Online chromatography and reduction of DOM isomeric 
complexity (Paper II) 
The goal of this study was the development of an online method for the 
analysis of DOM, which could integrate the benefits of the chromatographic 
analysis with the advantages of high resolution mass spectrometry by main-
taining the low analysis time of direct infusion approach.  

The developed method showed excellent reproducibility (Bray-Curtis dis-
similarity among replicates ≈ 2.5%) and ability to remove interferences re-
sponsible for strong charge subtraction in DI analysis and consequent lower 
ionization efficacy of the organic material. The ability of chromatography to 
remove these contaminants from the bulk and the reduction of the sample 
complexity in each transient, led to an increased signal-to-noise ratio (S/N) 
in each transient and to the assignment of an overall larger number of formu-
las in the mixture.   

Samples from three different water sources (marine, lake and river) were 
analysed by two approaches: DI-Orbitrap and reversed phase chromatog-
raphy-Orbitrap, by means of negative electrospray ionization as interface.  

The organic material was retained on the column according to its affinity 
for the stationary phase, thus generating a broad ‘humpogram’ which could 
be easily divided in silico at the end of the analysis. The results obtained 
from the different methodologies (DI vs LC) were compared, in order to 
demonstrate the advantages of the separation approach over the DI. Overall, 
the total number of formulas assigned with chromatography was higher than 
the number of matches in DI analysis. This is due to (1) the reduction in 
charge competition at the ESI source and (2) to the changing ions composi-
tion entering the Orbitrap in each transient, thus allowing the ionization and 
detection of a larger number of species. Even if DI analysis allows the de-
tailed assessment of overall differences between different DOM samples, we 
observed that a large portion of the more apolar material is underestimated 
when direct infusion is applied.  
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Subsequently, the polarity segments within the same sample were com-
pared, along with comparison of like polarity segments from different sam-
ples (Figure 14).  
 

 
Figure 14. (a) Chromatogram from SRFA sample: early eluting material (Segment 
2; pink); late eluting material (Segment 6; light blue); (b) van Krevelen diagram of 
the molecular distribution for Segments 2 and 6: early eluting DOM (high O/C ratio; 
pink); late eluting DOM (low O/C ratio; light blue); (c) Overlapped chromatograms 
from SRFA sample (orange) and marine water (blue). Early eluting material (Seg-
ment 2; grey); (d) van Krevelen diagram of the molecular distribution for the two 
homologous segments (Segment 2) from the two sources: SRFA-Segment 2 (high 
O/C, low H/C ratio; orange); marine DOM-Segment 2 (low O/C, high H/C ratio; 
blue). Partial reprint was possible with permission from Paper II. Copyright (2018) 
American Chemical Society. 

We found that isomeric complexity led to broad retention of individual mo-
lecular formulas. Moreover, important differences in molecular diversity 
were revealed across the chromatographic run, with oxygen-rich compounds 
eluting first (Figure 14).  

When samples from different sources were compared, the ‘humpograms’ 
derived from the LC analysis showed similar retention times but different 
shapes, suggesting that homologous polarity fractions have variable abun-
dance (Figure 14c). Despite experiencing the same retention time, these po-
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larity fractions exhibited an extremely variable composition (Figure 14d); as 
further confirmed by multivariate statistical techniques. 

A rather different distribution in terms of molecular saturation emerged 
from the comparison of terrestrial and marine DOM, especially in relation to 
the more hydrophilic material: a higher degree of saturation (H/C ≥ 1) char-
acterized the marine DOM, whereas the terrestrial material showed an addi-
tional contribution from unsaturated and oxygen rich components.  

The online coupling of liquid chromatography to the high resolution Or-
bitrap-MS enhanced enormously the amount of information achievable in a 
single run, maintaining high resolution data, reducing analysis time com-
pared with fractionation and minimizing the influence of contaminations. 
Moreover, the introduction of in silico fractionation makes the method ex-
tremely flexible. The developed method allows the easy and detailed com-
parison of DOM samples from a variety of sources. Additionally, the wide 
availability of the employed instruments allows many research groups to 
perform similar analysis. 

The method still presents significant limitations. We found that the extreme 
isomeric complexity of the natural mixture cannot be resolved into individual 
compounds with one-dimensional chromatography. Moreover, consistent 
overlap of structural isomers between adjacent segments was observed.  

Fate of labile DOM (Paper III) 
In mass spectrometric studies focusing on the analysis of freshwater DOM, 
the characterization of the allochthonous components is favored compared to 
the autochthonous material, underrepresented in current research. This dis-
crepancy is indubitably related to the molecular compositions of the two 
DOM sub-classes and their susceptibility to routinely employed mass spec-
trometric approaches involving negative ESI (electrospray ionization). Al-
lochthonous DOM is mainly of terrigenous origin, rich in carboxylic acids, 
easily extracted and favorable to negative ESI analysis. The autochthonous 
material is rich in biologically labile components (carbohydrates, proteins, 
amino acids, etc) difficult to isolate and less inclined to ionize in negative 
mode. The chemical characterization of this DOM fraction is crucial to un-
derstand its fate in the water column and the study of its lability is important 
to evaluate the impact that a rapid increase in primary production might have 
in the biogeochemical processes, particularly during eutrophication. 

In Paper III, the online method developed in Paper II was successfully 
applied for the characterization of ‘freshly’ produced DOM generated by 
cyanobacteria cultures (CyDOM). Two growing conditions were investigat-
ed (axenic and natural environments); and finally the abundant CyDOM 
released in the axenic culture was incubated in unfiltered natural water in 
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presence of heterotrophic communities and the characterization of the ioniz-
able original material was monitored over the incubation period.  

As expected, DOM released from primary producers was far less complex 
than the recalcitrant material commonly observed in bulk-DOM samples. As 
previously introduced in Paper II, the isomeric complexity of DOM mix-
tures cannot be resolved in a single chromatographic run; generally, the ex-
tracted ion current (EIC) of single m/z values emerges as a large ‘hump’ 
eluting over a broad retention time interval. In the case of CyDOM produced 
in axenic conditions, despite the broad molecular distribution, the majority 
of the MS signal assigned to a formula was linked to chromatographically 
resolved peaks; even in presence of the bulk-DOM (incubation of cyanobac-
teria in natural waters), fully resolved chromatographic profiles from 
CyDOM could be observed.  

The ability to resolve chromatographic peaks allowed the monitoring of 
the ‘freshly’ produced material in presence of heterotrophic communities 
over the incubation (Figure 15). The results revealed a fast removal of the 
observed CyDOM profiles (Figure 15), preferential toward saturated (or 
labile, conventionally identified having H/C > 1.5) and hydrophilic compo-
nents. The quick decrease in the abundance of these species in presence of 
heterotrophic bacteria, limits their presence in aquatic samples, thus explain-
ing their poor characterization in the analysis of freshwater DOM.  

 
Figure 15. Incubation of the cyanobacteria-derived DOM in presence of hetero-
trophic bacteria: initial (start) and final (end) stages. van Krevelen diagrams: molec-
ular distribution of chromatographically resolved peaks (points); peak intensity 
(size); non-confidently assigned peaks (grey-shaded points); confidently assigned 
peaks (coloured points); elution time in minutes (colour scale). Division of  labile 
(H/C>1.5) [151] and stable regions (black line). 

From the results emerged that primary producers, in the tested growth condi-
tions, produced a large variety of material covering a broad polarity and 
saturation range and the dominance of the labile component was observed. 
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This study revealed that CyDOM susceptible to negative mode ESI is char-
acterized by a high biological lability as it was rapidly processed in natural 
waters. However, the ionizable CyDOM probably represents only a fraction 
of the total material released by the primary producers, as a large part of the 
biologically produced material (such as polysaccharides and proteins) are not 
detected by the method. In this study, the online combination of chromatog-
raphy with high resolution mass spectrometry was revealed to be highly 
useful in the analysis of ionizable autochthonous DOM. The application of a 
separation technique was indispensable to observe the fate of the labile com-
ponents released by primary producers by monitoring the behavior of the 
chromatographic profiles emerging form the bulk-material. 

Hide-and-seek: ESI-MS ‘invisible’ DOM (Paper IV) 
Not all DOM is ionizable by routine ESI-MS in negative mode because not 
all molecules ionize following the same mechanism. Therefore, due to the 
complexity of the mixture, only a partial ionization of the DOM pool is ex-
pected in routine analysis. Despite the large number of analytical techniques 
applied to the analysis of DOM, a universal approach able to unravel the 
structural and elemental composition of the DOM is missing. Structural 
characterization and quantification of organic material can be achieved for 
example with the use of NMR or OCD, respectively, but information on the 
DOM elemental composition can be obtained only by the application of high 
resolution mass spectrometry. However, as previously mentioned HRMS 
results are indissolubly linked to the selected ion source. Different ionization 
sources are able to ionize different classes of compounds, but to date no sin-
gle technique is able to fully ionize all the components in the mixture while 
preserving the analyte integrity.  

Paper IV focused on the estimation of the DOM fraction ‘invisible’ to 
negative electrospray ionization. The same chromatographic approach used 
in Paper II and III was employed in this study; additionally to the ESI-
HRMS operating in negative mode, a complementary detector was em-
ployed. The charged aerosol detector (CAD) was used in combination with 
chromatography and mass spectrometry to enhance the detection capabilities 
of the methods 

While HPLC-ESI-HRMS generated qualitative chemical information 
about the components in the mixture susceptible to the selected ionization 
source and conditions, the CAD response was proportional exclusively to the 
amount of material eluting from the chromatographic system. Mass spectro-
metric signal and quantitative response from the CAD were merged to ex-
press the ability of the material to ionize in negative ESI mode. This parame-
ter, defined as relative response factor, was employed to monitor the suscep-
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tibility of the material to the ionization during the chromatographic elution 
interval.  

Suwannee River Fulvic Acid (SRFA) reference material was fractionated 
by size-exclusion chromatography (SEC) in four aliquots with decreasing 
molecular weight. The isolated fractions (Figure 16) revealed the presence of 
an abundant portion of material ‘invisible’ in negative ESI mode (ESI-
inactive). Fractions characterized by higher molecular weight (Fractions 1 
and 2) produced a signal in the CAD proportional to their abundance, but no 
meaningful signal was registered in ESI-HRMS (Figure 16C). Fractions 3 
and 4 showed a high response in both detectors but some peculiar profiles 
emerged. The ESI-HRMS and the abundance profiles in Fraction 3 diverged:  
the early eluting component (more hydrophilic) was more susceptible to 
ionization than the late eluting material (more hydrophobic).  

This discrepancy could be better appreciated by the use of the relative re-
sponse factor (Figure 16 C). The relative response factor profiles emerging 
from the four fractions allowed further considerations. It was possible to 
confidently conclude that a third the material in SRFA (Fractions 1 and 2) 
was resistant to negative ESI ionization (ESI-inactive material) (Figure 16 
B-C). The last two fractions (Fractions 3 and 4), were characterized by mate-
rial susceptible to ionization (ESI-active), but some contribution from the 
presence of an ESI-inactive component could not be completely excluded.  

The evaluation of the abundance of ESI-inactive component in SRFA 
could not be assessed exclusively by fractionation; therefore an additional 
strategy was employed. The relative response factor of the reference material 
was compared to the average relative response factor resulting from a mix-
ture of purchased carboxylic acids and a simple two components model was 
proposed. The model was based on two extreme and simplistic assumptions: 
(i) only molecules with carboxylic functionalities generate a response in 
negative ESI-HRMS, therefore no signal means absence of carboxyl group 
and vice versa; (ii) the mixture of carboxylic acids was representative for the 
small acidic molecules in the complex mixture. The average relative re-
sponse factor, representative of each sample (bulk and fractions), was em-
ployed to predict the distribution of ESI-active and inactive components in 
the natural mixture. Eventually, the result emerging from the analysis of the 
bulk-SRFA revealed that about 70% of the material was ESI-inactive. How-
ever, these results disagree with those emerging from the combination of the 
fractions, suggesting that only 17% of the material in SRFA is susceptible to 
ionization. This inconsistency could be related to a mechanism of ionization 
promotion that manifests in the bulk material and it is not replicated after the 
‘simplification’ of the mixture induced by the fractionation by SEC; this 
aspect deserves further investigation, preferably by application of multidi-
mensional chromatography.  

Analogous analysis were performed on other reference materials (repre-
sentative of terrestrial DOM) before and after solid phase extraction (SPE); 
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no significant change was observed before and after the sample treatment in 
the resulting relative response factors profiles; additionally,  for all mixtures 
the model revealed a limited amount of ESI-active component, never ex-
ceeding 35% of the total material. Ultimately, two samples isolated for the 
same aquatic system (fjord and river) were analysed. The model revealed a 
large ESI-active component in the fjord sample (69%) while the river was 
characterized largely by ESI-inactive material (66%), suggesting the removal 
of large part of the inactive component in the transport from land to sea. 
These findings can have important implications in the global carbon cycle, 
especially because this material eludes the most common routine analysis 
performed for DOM characterization. Further investigations on the ESI-
inactive component in DOM samples are therefore essential. 
 

 

Figure 16. (A) SRFA fractionation by size-exclusion chromatography (SEC) - 
charged aerosol detector (CAD); four isolated fraction delimited by dashed black 
lines; (B) SRFA fractions analyzed by reverse-phase chromatography coupled to 
ESI-MS (red) and CAD (blue); (C) Relative response factor (black) expressed as 
assigned MS signals per amount of material (from CAD). 

 



 50 

Conclusions and future aspects  

The aim of the presented thesis was to develop new methods able to enhance 
the analysis of the dissolved organic matter and enable a wider range of re-
searchers to participate in the advancement of this field. 

Initially, the applicability of the Orbitrap mass analyser for the analysis of 
complex mixtures was evaluated. Paper I demonstrated that cutting edge 
techniques (FTICR-MS) are not always necessary to achieve fundamental 
insights on the molecular composition of DOM. The suitability of Orbitrap 
technology offered the possibility to explore the potentialities of online 
chromatographic separation for the analysis of DOM samples. Paper II 
showed that online separation in combination with high resolution mass 
spectrometry and electrospray ionization is an excellent alternative to the 
commonly used direct infusion approach, and proved that the application of 
simple and broadly accessible methods, able to reduce the DOM isomeric 
complexity, enormously enhance the information achievable in a single 
analysis. Chromatographic separation also demonstrated the capability to 
resolve single components in the mixture if present in high abundance; this 
ability inspired the study performed in Paper III, where the poorly charac-
terized autochthonous DOM produced by a common cyanobacterium was 
investigated. Online separation enabled the monitoring of chromatograph-
ically resolved peaks, so the fate of the labile components, released by the 
primary producers and incubated in presence of heterotopic bacteria, could 
be observed.  

The combination of online chromatography to high resolution mass spec-
trometry is a powerful tool in DOM analysis, expanding the HRMS analysis 
capabilities by adding an extra dimension to the investigated chemical space. 
Standing alone HRMS techniques are able to discriminate among isobaric 
components and their efficiency is proportional to their resolution capabili-
ties. Structural isomers are the ‘Achilles’ heel’ of these powerful instru-
ments; in fact, in absence of a separation approach, components character-
ized by the same molecular formula are indistinguishable. Enhanced isomer-
ic discrimination is not the only advantage emerging from the application of 
chromatography in DOM analysis; the separation guarantees valuable quali-
tative information on physical and chemical characteristics of the material in 
the mixture in relation to the selected retention mechanism. However, the 
potential of the chromatographic approach in DOM analysis is still limited 
by the employed ionization source. Well established routine analysis of natu-
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ral complex mixtures involves the use of electrospray ionization (ESI) oper-
ating in negative mode as interphase between the sample introduction meth-
od and the mass spectrometer. The popularity of the ESI source is dictated 
by the abundance of acidic species in DOM samples, which are highly sus-
ceptible to ionization in negative mode.  

However, not all molecules ionize following the same mechanism; under 
fixed experimental conditions some molecules are more prone to ionization 
while others are resistant to forming ions. The intrinsic complexity of the 
DOM supports the idea that only a part of the material is susceptible to nega-
tive ESI ionization in routine analysis, suggesting the presence of an unchar-
acterized pool of organic material probably variable in abundance across 
different environmental settings. Paper IV explored the nature of DOM 
fractions susceptible and resistant to ESI operating in negative mode; this 
study demonstrated that routine analyses are not always suitable for a com-
prehensive interpretation of the DOM molecular diversity (Figure 17). 
Therefore, awareness about the limitations of the electrospray ionization is 
essential to correctly interpret the results: to quote Dr Ryan P. Rodgers “The 
ESI source lies to you!”. 

 
Figure 17. Conceptual diagram showing three main pools of DOM present in aquat-
ic samples. Papers I-III focussed on the carboxylic acids and small metabolites, 
while paper IV also discussed the presence of lignin polymers, absent from ESI-MS 
data. Access to information about polarity (x axis) and size (y axis) is available with 
the use of chromatography. 
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The conceptual chemical space represented in Figure 17, organized in terms 
of polarity (logP) and molecular weight (MW) separation, gives a general 
overview on the distribution of the different compounds classes either acces-
sible or ignored by negative ESI-HRMS in routine DOM analysis. The in-
formation retained by the uncharacterized material can be disclosed by the 
combination of techniques complementary to ESI-HRMS analysis. 

In summary, this thesis demonstrated that a broader understanding of the 
DOM complexity can be achieved by the application of simple and broadly 
accessible techniques. Upon the results presented in this work, I strongly 
recommend the inclusion of online chromatography coupled with HRMS 
among the routinely employed techniques for DOM characterization, togeth-
er with the use of quantitative detection where possible. Further develop-
ments require the use of complementary techniques and the elaboration of 
alternative data analysis paradigms able to combine the pool of information 
deriving from different approaches. Expand the toolbox of the available 
methods remains the key factors to unravel the intricacy of this Damned 
Obscure (but intriguing) Mess. 
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Populärvetenskaplig sammanfattning 

Är det klara friska källvattnet i en fjällsjö verkligen kemiskt rent? För att 
besvara denna fråga är det nödvändigt att definiera vad "rent" betyder. I ke-
mins värld består en ren substans uteslutande av en typ av atom eller mole-
kyl. Rent vatten består uteslutande av en enkel molekyl (H2O) sammansatt 
av två väteatomer (H) och en syreatom (O). Så, tillbaka till frågan: om vi 
samlar lite vatten från en orörd fjällsjö, skulle provet uteslutande innehålla 
H2O? Det enkla svaret är nej. Så vad kan man då hitta i vattensamlingar 
förutom H2O? Jag antar att det mest korrekta svaret skulle vara: ett helt uni-
versum av molekyler. 

Naturliga vatten runt om i världen är rika på oorganiskt material (såsom 
natrium, klorid, kalcium, fosfat), men den verkliga kemiska komplexiteten 
representeras av den fenomenala mångfalden av organiska molekyler som 
finns närvarande, definierade som lösligt organiskt material (på engelska 
dissolved organic matter - DOM). 

Vad är då DOM mer exakt? Och hur hamnar det i vattendragen?  
DOM är en allestädes närvarande och heterogen blandning av molekyler 

(förmodligen miljontals olika) som härrör från ett stort antal biologiska, ke-
miska och fysiska processer som är sammankopplade i ett evigt kretslopp 
mellan icke-levande och levande material känt som "kolcykeln eller kolets 
kretslopp". DOM är resultatet av omvandlingen och nedbrytningen av bio-
massan och kan produceras antingen internt eller externt till vattendraget 
främst av primära producenter (fotosyntetiska organismer) eller transporteras 
till vattensystemet genom avrinning från omkringliggande mark, via perko-
lationer och lakvatten. DOM spelar en avgörande roll i den globala koldi-
oxidcykeln som reglerar och upprätthåller de biologiska processerna i vat-
tensystemen. Trots sin betydelse för kretsloppet och DOMs globala påverkan 
på naturen så är den samlade kunskapen om dess kemiska mångfald fortfa-
rande dåligt. Man kan verkligen undra varför det är så. 

Som redan nämnts är DOM bland annat viktigt för det mikrobiella krets-
loppet i vattenmiljöer på global nivå. Förändringar i regleringen av DOM 
leder till påverkad produktion och transformation, orsakad av exempelvis 
miljöförändringar (ökande globala temperaturer, antropogena effekt etc.). 
Dessa kan i sin tur ha en stor påverkan på biogeokemiska processer, vilket 
potentiellt ökar frisättningen av växthusgaser i atmosfären. Det enda sättet 
att förstå och förutsäga ödet för detta organiska material är att samla en 
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övergripande och detaljerad kemisk kunskap om denna oerhört komplexa 
blandning.  

Fokus för denna avhandling var utvecklingen av metoder för karaktärise-
ring av DOM i naturliga vatten ner på molekylär nivå. Undersökningen av 
den enorma komplexiteten hos DOM-blandningen representerar en verklig 
utmaning för analytisk kemi, den disciplin inom kemin som ägnas åt ut-
veckling och tillämpning av metoder för analys och identifiering av kemiska 
ämnen. I detta arbete användes avancerade analytiska tekniker såsom kro-
matografi och högupplösande masspektrometri i kombination med 
elektrosprayjonisering för att undersöka den kemiska mångfalden hos DOM. 
Dessa tekniker är de mest kraftfulla metoderna som finns att tillgå inom ke-
misk analys. De verkar i synergi för att ge så rik information som möjligt om 
det undersökta provet: kromatografi ger separation av komponenterna i 
blandningen; masspektrometri är en universell detektor som möjliggör iden-
tifiering och kvantifiering av komponenterna i provet; elektrosprayjonisering 
är gränssnittet mellan de två systemen som genererar och överför joniserade 
molekyler från kromatografin till masspektrometern.  

Hypotetiskt skulle kombinationen av dessa tekniker kunna avslöja mång-
falden av DOM, men i verkligheten har det visat sig att en fullständig förstå-
else för den komplexa blandningens kemi ännu inte uppnåtts. 

I denna avhandling demonstrerades det också att avancerade instrument 
inte alltid är nödvändiga för att uppnå grundläggande insikter om molekyl-
kompositionen för DOM och att tillämpningen av enklare och mer allmänt 
tillgängliga metoder även kan bidraga med viktig information. Det demon-
strerades också att även väletablerade rutinanalyser inte alltid är lämpliga för 
en kunna uppnå en korrekt tolkning av DOMs molekylär mångfald, eftersom 
de ibland leder fram till en del inte helt representativa resultat.  

Den fullständiga karaktäriseringen av DOM är således för närvarande 
omöjlig baserat på en enda teknik; det är uppenbart att en kombination av 
ansträngningar och expertis är nödvändig och grundläggande för att bättre 
kunna förstå och följa komplexiteten i denna enorma pool av organiskt 
material.  
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